Sleep-or sleep-like states-have been reported in adult and larval zebrafish using behavioural criteria. These reversible quiescent periods, displaying circadian rhythmicity, have been used in pharmacological, genetic and neuroanatomical studies of sleep-wake regulation. However, one of the important criteria for sleep, namely sleep homeostasis, has not been demonstrated unequivocally. To study rest homeostasis in zebrafish larvae, we rest-deprived 1-week-old larvae with a novel, ecologically relevant method: flow of water. Stereotyped startle responses to sensory stimuli were recorded after the rest deprivation to study arousal threshold using a high-speed camera, providing an appropriate time resolution to detect species-specific behavioural responses occurring in a millisecond time-scale. Rest-deprived larvae exhibited fewer startle responses than control larvae during the remaining dark phase and the beginning of the light phase, which can be interpreted as a sign of rest homeostasis-often used as equivalent of sleep homeostasis. To address sleep homeostasis further, we probed the adenosinergic system, which in mammals regulates sleep homeostasis. The adenosine A1 receptor agonist, cyclohexyladenosine, administered during the light period, decreased startle responses and increased immobility bouts, while the adenosine antagonist, caffeine, administered during the dark period, decreased immobility bouts. These results suggest that the regulation of sleep homeostasis in zebrafish larvae consists of the same elements as that of other species.
IN TROD UCTI ON
The utilization of an animal model for sleep studies requires careful validation. Species in which vigilance stage definition by polysomnography is not feasible, the behavioural criteria for sleep (immobility, reduced arousal threshold, rest homeostasis and response to sleep-modifying pharmacological agents) become of particular importance (Elbaz et al., 2013) . Previous studies have demonstrated successfully that the diurnal zebrafish (Danio rerio) displays reversible quiescent periods with a clear circadian rhythmicity (Yokogawa et al., 2007; Zhdanova et al., 2001) , and it has been utilized elegantly for screening pharmacological substances (Rihel et al., 2010a) and neuronal networks (Elbaz et al., 2012; Kaslin et al., 2004; Prober et al., 2006) which regulate vigilance states, and for studying questions related to circadian modulation of sleep and plasticity (Appelbaum et al., 2010) . A study comparing sleep-wake cycles in zebrafish and humans found similarities in the ontogeny, with larger overall sleep amount but shorter sleep bouts in younger individuals (Sorribes et al., 2013) . Altogether, these studies have established zebrafish as a useful model for studying sleep-related questions.
However, the important criterion for sleep, namely sleep homeostasis (i.e. sleep rebound after sleep deprivation), particularly in light on conditions, has not been demonstrated unequivocally (Chiu and Prober, 2013; Sigurgeirsson et al., 2013) . The masking effect of light as well as different laboratory conditions between studies have been suggested to contribute (Rihel et al., 2010b; Sigurgeirsson et al., 2013; Yokogawa et al., 2007) . Another alternative is that, in zebrafish, sleep is not regulated homeostatically. We suggest that improvements ª 2017 European Sleep Research Society in experimental set-up and methodology could help to resolve this important question.
To assess sleep homeostasis by sleep deprivation, the waking period of the animal needs to be extended using prolonged stimulation. As stress affects sleep (VazquezPalacios and Velazquez-Moctezuma, 2000) , it is important to use a method that induces minimal stress to the speciesgentle handling was developed for this purpose in rodents (Franken et al., 1991) . Previously published zebrafish sleep deprivation methods have ranged from mechanical tapping (Zhdanova et al., 2001 ) and dark flashes (Elbaz et al., 2012; Prober et al., 2006) used for larvae, to elaborate electrical stimuli of varying intensities used for adult zebrafish (Yokogawa et al., 2007) . Using these methods, rest/sleep, defined as reduction in overall locomotion/increased immobility, has been shown to be increased after the extended stimulation periods, but only when recorded during the dark phase. This has been interpreted as a sign of rest homeostasis (Yokogawa et al., 2007; Zhdanova et al., 2001) .
Decreased sensitivity for sensory stimulus-i.e. reduced arousal threshold-is one of the core features of sleep. In order to quantify changes in sensory reactivity accurately, the sensory stimulus (the input) and the behavioural response (the output) to stimulation must be controlled and detected reliably. The species-specific swimming pattern of larval zebrafish consists of accelerations followed by short periods of forward swimming and deceleration, flanked by periods of immobility of varying duration (Budick and O'Malley, 2000; Fuiman and Webb, 1988) . This pattern hampers attempts to define the behavioural response to specific stimulus clearly: upon stimulation the larva moves, but would it have also moved without stimulation? One of the well-defined stereotyped stimulus-elicited responses of the zebrafish larva is the antipredatory startle response, which consists of a series of movements at a time-scale of milliseconds (Budick and O'Malley, 2000; Burgess and Granato, 2007) . The startle response can be detected with high accuracy using a fast video camera (1000 frames per second) allowing a clear-cut separation between the spontaneous swimming bout and the stimulation-elicited startle response (Burgess and Granato, 2007) (Supporting information, Video S1).
In the present study, we (1) introduce a new, ecologically relevant method, namely the flow of water, as a tool for rest deprivation in larval zebrafish and (2) verify (by using the startle response as a sensitive readout of arousal threshold) that zebrafish larvae exhibit rest homeostasis that can be detected under both dark and light conditions. We characterize further the rest deprivation response with vigilance state-modulating adenosine agonists and antagonists.
MATERI ALS AND METHODS

Animals and housing
Wild-type zebrafish larvae of the Turku strain, which has been maintained in the laboratory for approximately 20 years (Sundvik et al., 2011) , were raised at 28.5°C on a 14:10-h light-dark (LD) cycle. Lights were on from 09:00 (= Zeitgeber time, ZT0) to 23:00 hours (= ZT14). Larvae were kept in standard larval medium (5.00 mM NaCl, 0.44 mM CaCl 2 , 0.33 mM MgSO 4 and 0.17 mM KCl), referred to commonly as E3. From 4 days post-fertilization (dpf), the larvae were fed twice a day with SDS-100 larval dry food (Scientific Fish Food; Special Diets Services, Witham, UK). Larvae aged (at the beginning of each recording) 7 dpf were used in the experiments. Experiments were approved by the Regional State Administrative Agency for Southern Finland and the National Animal Experiment Board of Finland in agreement with the ethical guidelines of the European Convention.
Experimental set-up
A custom-built device was used to introduce a continuous and controllable water flow for the rest deprivation, and electrical stimuli to elicit startle responses. The zebrafish larvae (n = 40 in each) were placed into two identical plastic chambers (x = 5 cm, y = 4 cm, z = 3 cm, kindly shared from the laboratory of H. A. Burgess) filled with 60 mL of fish medium (Fig. 1a ). An infrared illuminator (wavelength 600-800 nm) was used to create the recording illumination, and an additional white light was used from 09:00 (ZT0) to 23:00 (ZT14) hours to produce the daylight condition. To prevent any extra light cues, the set-up was placed inside non-light passing curtains.
High-speed video recording and sensory stimulus
As the time resolution of the zebrafish startle responses to sensory stimuli ranges from milliseconds to tens of milliseconds, we used a high-speed (1000 frames s À1 ) digital video camera (FastCam SA3; Photron, High Wycombe, UK) fitted with a macro objective (Sigma-Aldrich, St Louis, MO, USA) to detect these responses (Supporting information, Video S1).
To elicit startle responses in zebrafish larvae, mild, stable and temporally restricted electrical stimuli were introduced into the recording chamber for each group of 40 larvae at 2-min intervals using metal mesh electrodes. The responses were recorded for 0.2 s (200 frames) after each sensory stimulus. The stimuli and recordings were controlled by an in-housedesigned Matlab script (Mathworks, Natick, MA, USA). To avoid saturation and to facilitate detection of possible effects of rest deprivation, the electrical stimulus was optimized to 5 V (10 ms), causing a startle response in~70% of the larvae at baseline (BL) (Supporting information, Fig. S1 ).
Behavioural measures/startle response detection
We studied startle responses known as C-turns (C-bend, C-start), which are well-characterized escape responses where the larva first curves to form a C-shape, and then swims away from its previous position using a fast swim (Supporting information, Video S1, Fig. 1d ). This behaviour develops around 4-5 dpf (Fero et al., 2011) . The coordinates ª 2017 European Sleep Research Society of the larvae after the electric stimuli were detected with XY tracking software Flote (version 2.1), and the movement patterns were analysed with behavioural analysis software Batchan (Burgess and Granato, 2007) . A fast escape response, characterized as a short-latency C-turn (SLC), is a C-shaped startle response that is initiated within 0-15 ms of the stimulus, whereas a long-latency C-turn (LLC) is initiated within 16-40 ms (Burgess and Granato, 2007) . LLC have been reported in individually tested larvae, excluding the possibility that they are provoked by the SLC of other larvae (Burgess and Granato, 2007) . The SLC amount is shown as the percentage of the larvae that exhibited an SLC, out of all larvae that were detected. The LLC amount is shown similarly as the proportion of all detected larvae. A decrease of startle responses was considered as 'increased arousal threshold'.
Rest deprivation
The remaining seven dpf zebrafish larvae kept in a routine 14:10-h light-dark cycle and controlled temperature (28.5°C)
were restricted by introducing a continuous flow of water (30 mL min À1 ) through the chamber. The water flow caused the larvae to swim against the flow (orientate towards the flow) (Fig. 1b) , and we consider this to decrease the amount of rest/sleep compared to controls, which were kept with a minimal flow (< 2 mL min À1 ). Orientation of the larvae was verified by hourly recordings throughout the rest deprivation period (Fig. 1c , Supporting information, Fig. S2 ).
Starting from the beginning of the dark period (23:00-05:00 hours, ZT14-ZT20), 40 larvae were placed into the chamber and the water flow (30 mL min À1 ) was applied for 6 h. Control larvae (n = 40) were kept in similar conditions but with only a minimal flow (< 2 mL min À1 ) to keep the medium fresh and water level constant. The behavioural responses to controlled electric stimuli were recorded after the end of rest deprivation during the remaining dark phase (05:00-08:20 hours, ZT20-~ZT23) and the beginning of the light phase (09:00-12:20 hours, ZT0-~ZT3). One hundred timed stimuli were given in each recording set for each group of larvae, with 2-min intervals. Responses to sensory stimuli were tested using high-speed video camera recordings after mild electrical stimulation. (b) The larvae swim naturally towards the water flow to maintain their position. (c) During the RD water flow protocol, the majority (>80%) of the larvae were orientated towards (TWD) the flow. We suggest that larvae swimming against the flow are not sleeping during the night, at least as much as the control larvae. (d) Startle responses (see Supporting information, Video S1) were detected using Flote and Batchan software designed for behavioural analyses of zebrafish larvae (Burgess and Granato, 2007) .
The effect of rest deprivation was studied comparing the responses of larvae after 6 h of water flow during the night to those of control larvae, and tested statistically using a twoway mixed analysis of variance (ANOVA), with time-point as the within-subject factor and group (rest-deprived versus control larvae) as the between-subjects factor. The Mann-Whitney U-test was used to compare BL-normalized responses after rest deprivation to those of control larvae (Fig. 2a) .
To control for the effects of physical exhaustion caused by swimming against the flow, a similar flow protocol during daytime/lights on was also tested. In these experiments, the flow protocol was applied for 6 h during the day with the normal LD cycle, and the responses were detected during the following hours. The responses were compared to those of control larvae kept in similar conditions at the same time but without the flow protocol (Fig. 2b) .
Pharmacological experiments
Selective adenosine receptor 1 agonist cyclohexyladenosine (CHA; Sigma-Aldrich, St Louis, MO, USA) or adenosine antagonist caffeine (Fluka, Sigma-Aldrich) was dissolved in water, preheated and administered into the swimming water as 100 lM (final concentration in the swimming water) at 13:00 hours (ZT4; Fig. 3 ). Caffeine was also given at 02:00 hours (ZT17) in darkness (Fig. 3c ). Controls were treated with preheated distilled water.
The duration of rest bouts was monitored using five frames s À1 video recording (see Supporting information, Methods and Fig. S3 ). Immobility bouts longer than 60 s were defined as sleep (Fig. 3a,c,d ). The 60-s criterion was chosen based on previous reports on sleep in larval zebrafish (Prober et al., 2006; Rihel et al., 2010a,b) . Sleep amount (min h À1 ) after CHA or caffeine administration was compared to controls with the Kruskal-Wallis test using the Mann-Whitney U-test post hoc, as the assumption for normal distribution was not met.
Responses to electrical stimulation were detected with high-speed video recordings for 7 h after CHA or caffeine administration at 13:00 hours (ZT4), and compared to those of control larvae using the Mann-Whitney U-test (Fig. 3b) . The experiment for each substance was repeated three times, with 40 larvae per group in each experiment.
Data analysis
When not mentioned otherwise, the results are presented as mean AE standard error of the mean (SEM) and the P-values are two-tailed. All statistical analyses were performed using SPSS statistical software.
RESULTS
Rest deprivation
To verify the efficacy of the constant water flow paradigm, the orientation of the larvae was quantified throughout the rest deprivation experiment. More than 80% of the larvae in the rest deprivation group were orientated towards the flow (Fig. 1c) , whereas the larvae in the control group were orientated randomly to all directions. No habituation to the flow protocol was observed during the 6-h rest deprivation (Supporting information, Fig. S2 ).
After 6 h (23:00-5:00 hours) of rest deprivation with constant water flow, zebrafish larvae showed fewer startle Rest deprivation decreases startle responses in zebrafish larvae. (a) One-week-old zebrafish larvae were rest-deprived in the dark with constant water flow for 6 h (23:00-05:00 hours, ZT14-ZT20). After the rest deprivation (RD), responses to mild electrical stimuli (5 V) were recorded with a high-speed video camera (1000 images s À1 ). The experiment was repeated 13 times with independent groups of larvae. There was a statistically significant interaction between the RD flow protocol (cases versus controls) and the time-point on overall startles [two-way mixed analysis of variance (ANOVA), P interaction = 0.01] and long latency C-turns (LLC) (P = 2.8E-04). No interaction was found on the faster, Mauthner cell-mediated short latency C-turns (SLC) (P = 0.9). Compared to controls that had spent the night in the same conditions but without the rest-depriving water flow (control response level shown as 100% in the graphs), the rest-deprived larvae showed fewer startle responses during the remaining dark phase (05:00 08:20 hours, ZT20-~ZT23; Mann-Whitney U-test, P = 0.012) and the beginning of the light phase (09:00 12:20 hours, ZT0-~ZT3; P = 0.016). LLC accounted for the decrease in the startles (P = 4.9E-04 in dark, P=0.016 after lights on), whereas SLC were not affected. (b) Startle responses of zebrafish larvae subjected to the water flow protocol during the day were unaffected (DS: day swim); n repeats = 7. *P < 0.05, **P < 0.0005. Error bars: standard error of the mean (SEM). All data normalized to the baseline (BL) of each group, and then to the control group of the same experiment (repeat).
ª 2017 European Sleep Research Society responses (P < 0.05). The decrease was observed both during the remaining dark phase (05:00-08:20 hours, ZT20-~ZT23; P < 0.05) and at the beginning of the light phase (09:00-12:20 hours, ZT0-~ZT3; P < 0.05), compared with control fish that had spent the night in the same conditions but without the rest-depriving water flow (Fig. 2a) . LLC accounted for the decrease in startles (P = 4.9E-04 in the dark, P = 0.016 after lights were switched on). No changes were observed in the faster, Mauthner cell-mediated SLC. Water flow during the light period did not affect responsiveness to following electrical stimuli (Fig. 2b) .
Adenosinergic modulation
Selective adenosine A1 receptor agonist CHA (100 lM) was delivered in the swimming water of larval zebrafish during their circadian active phase (13:00 hours, ZT4). CHA increased sleep amount significantly compared with the control group, measured as immobility bouts longer than 1 min (P < 0.05; Fig. 3a) ; 100 lM of CHA also decreased sensory responsiveness, measured as startle responses after electrical stimulation (P < 0.05) (Fig. 3b) .
Caffeine (100 lM) administered at 02:00 hours (ZT17) decreased the sleep amount significantly, measured as immobility bouts (P < 0.001) (Fig. 3c) . No significant effect on immobility bouts or startle responses were observed after administering caffeine during daytime (Fig. 3b,d ).
DISCUSSION
The main rationale of these experiments was to introduce an ecologically relevant method for rest deprivation of zebrafish larvae, and to investigate changes in arousal threshold after rest deprivation by quantifying the species-specific startle responses at an appropriate time resolution. Applying these methodological improvements allowed us, for the first time, to detect rest homeostasis-compatible behaviour in zebrafish larvae in both dark and light conditions. Sleep homeostasis is investigated routinely by means of sleep deprivation, i.e. extending the waking period experimentally (Schwierin et al., 1999) . In mammals and birds, the most reliable measure of homeostatic sleep rebound is the amount of electroencephalograph (EEG) slow waves in recovery sleep. In other species, a prolonged activity period is followed by a prolonged rest period (Hendricks et al., 2000; Raizen and Zimmerman, 2011; Zhdanova et al., 2001) , and this 'rest homeostasis' has been regarded generally as an equivalent for sleep homeostasis.
The ideal method of sleep deprivation should cause minimal stress to the subjects, and it should be achieved by stimuli that exist normally in the subject's environment. In the present study, we chose to use flow of water as a more ecologically relevant method to induce continuous activity rather than, e.g. electrical shocks, mechanical tapping and/or dark pulses, which are undoubtedly effective but could amplify stress, cause desensitization/sensitization of the The final concentration in swimming water was 100 lM. (a) CHA administered in the afternoon at 13:00 hours (ZT4) increased the immobility periods lasting longer than 60 s, defined as sleep, to the night-time level (*P < 0.05) (also, a small baseline difference (P < 0.05) between the groups was observed in the behaviour at ZT0, marked with (*). (b) Startle responses decreased 15% after CHA administration at 13:00 hours (ZT4) (all startles, short latency C-turns (SLC), long latency C-turns (LLC); P < 0.05). Caffeine administration at 13:00 hours (ZT4) did not change startle responses significantly compared to control larvae. (c) Caffeine administered in darkness at 02:00 hours (ZT17) had a sleepreducing effect (P < 0.05). (d) When caffeine was added to the swimming water in the afternoon at 13:00 hours (ZT4), it did not change the amount of sleep compared to controls. The Mann-Whitney U-test was used for comparing treated larvae to controls. Data represent mean AE standard error of the mean (SEM).
ª 2017 European Sleep Research Society sensory systems and interfere with the circadian regulation of vigilance states. We hypothesized that the rest-deprived larvae should be less sensitive to an arousing stimulus, i.e. the arousal threshold should be increased. To elicit startle responses, we chose a mild electrical stimulus providing us with a possibility to deliver short and stable (time, space, intensity) sensory stimuli. With electrical stimulus, the fish may be stimulated under defined illumination conditions, in contrast to light/dark pulses that may have an effect on circadian and homeostatic control of the arousal state, or to mechanical tapping, which is difficult to standardize. Also, using separate stimuli for the rest deprivation and for quantifying the arousal threshold reduces the risk of sensory system desensitization/ sensitization. In addition, careful control of the experimental conditions, such as temperature and light, is crucial, as these strongly affect the behaviour and responses of zebrafish larvae (Supporting information, Fig. S3 ).
The application of the high-speed camera allowed us to distinguish reliably between a stimulus-induced movement and a spontaneous swimming bout. We propose that one possible explanation for the weak evidence on sleep homeostasis in previous studies is the low time resolution used in tracking zebrafish behaviour (Supporting information, Videos S2, S3). In the current study, after 6 h of rest deprivation, fewer larvae responded to electrical stimuli. This could be a sign that more larvae were 'asleep', and thus fewer larvae responded to the stimulus. It is also possible that those larvae that were awake at the time of stimulation were more 'tired' and thus less responsive to the stimulus. However, as similar protocol of swimming against the water flow did not decrease responsiveness when applied during daytime, we do not think that the effect was due to physical exhaustion.
The startle reflex consists of two main movements, SLC and LLC. The SLC is a fast reflex executed by three pairs of reticulospinal neurones, including the Mauthner cells (Kimmel et al., 1980; Liu and Fetcho, 1999) , while the LLC also involves central processing (Burgess and Granato, 2007; Gahtan et al., 2002) . Interestingly, we observed a decrease in the LLCs, whereas the SLC responsiveness remained unchanged after rest deprivation.
The finding that the more centrally processed LLC responses were decreased after rest deprivation, but the faster SLC reflexes were unchanged, may reflect the vulnerability of more complex neuronal processing as compared to simple reflexes.
In addition to behavioural criteria, pharmacological criteria can be used to characterize sleep. During prolonged wakefulness, the concentration of adenosine in the basal forebrain of rodents increases, suggesting that adenosine may be a molecular correlate of sleep homeostasis (Porkka-Heiskanen et al., 1997) . In many species, adenosine agonists (e.g. cyclohexyladenosine, CHA) increase sleep, whereas antagonists (e.g. caffeine) decrease it (Bjorness et al., 2009; Landolt, 2008) . Of the adenosine receptors that have been associated with sleep regulation, A1 and A2A have also been identified in zebrafish (Boehmler et al., 2009; Maximino et al., 2011) . In the present study, sensory responsiveness for electrical stimuli decreased after administration of the adenosine A1 receptor agonist, while the number of 'sleep' bouts increased. The response to CHA, increasing sleep when administered during the light period, was both robust and long-lasting, expanding to the next light period. Caffeine, an adenosine antagonist, decreased the inactivity periods in darkness, indicating that immobility, at least in part, is regulated by adenosine. Adenosine signalling has been reported previously to partially mediate the sleep-promoting effect of melatonin in zebrafish larvae (Gandhi et al., 2015) . Adenosine signalling-targeting drugs have also shown sleep state-modulating effects in zebrafish larvae in a drug screen, where adenosine agonists increased sleep, while adenosine receptor A1 antagonists increased waking activity and reduced sleep (Rihel et al., 2010a) . In summary, the behavioural responses of the zebrafish larvae to adenosine agonists and antagonists are in line with those observed in respective studies conducted using other species (Porkka-Heiskanen et al., 1997; Schwierin et al., 1996) , supporting the notion that sleep homeostasis in the larvae is regulated by adenosine, as in other species.
CONC LUSIONS
We conclude that larval zebrafish respond less to sensory stimuli after forced motor activity during night-time. We propose that the induced prolonged motor activity period induces a prolonged waking period which is followed by recovery sleep, indicating that the larvae have sleep homeostasis. The existence of sleep homeostasis is supported further by the finding that the larvae are able to respond to an adenosine agonist and antagonist, implying that one important piece in production of sleep homeostasis, the adenosine system, is functional and appears to regulate the sleep-like state in zebrafish larvae.
We propose that this more ecologically relevant rest deprivation method, flow of water, and the recording method with more accurate temporal resolution, high-speed video recording can be used as reliable methods to study the effects of sleep deprivation in zebrafish larvae.
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